We present an experimental study on the fluorescence behavior of the red fluorescent proteins TagRFP-S, TagRFP-T, mCherry, mOrange2, mStrawberry, and mKO as a function of pressure up to several GPa. TagRFP-S, TagRFP-T, mOrange2, and mStrawberry show an initial increase in fluorescence intensity upon application of pressure above ambient conditions. At higher pressures, the fluorescence intensity decreases dramatically for all proteins under study, probably due to denaturing of the proteins. Small blue shifts in the fluorescence spectra with increasing pressure were seen in all proteins under study, hinting at increased rigidity of the chromophore environment. In addition, mOrange2 and mStrawberry exhibit strong and abrupt changes in their fluorescence spectra at certain pressures. These changes are likely due to structural modifications of the hydrogen bonding environment of the chromophore. The strong differences in behavior between proteins with identical or very similar chromophores highlight how the chromophore environment contributes to pressure-induced behavior of the fluorescence performance.
 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Introduction

Green Fluorescent Protein (GFP) derived from Aequorea victoria and its variants from
Discosoma striata, Entacmaea quadricolor and others are widely used as noninvasive biomarkers for studying biochemical processes in vivo. 1, 2 These fluorescent proteins (FPs) have a structure with eleven β-sheets forming a barrel around a central chromophore. 1 By genetically engineering chromophores and their immediate surroundings, emission wavelengths spanning nearly the entire visible spectrum have been created. [2] [3] [4] [5] While GFP has probably been the most widely studied FP, Red Fluorescent Proteins (RFPs) have received much attention in recent years because their fluorescence can be easily distinguished from the yellowgreen autofluorescence of cells and because the reduced light scattering of longer wavelength photons permits their use as biomarkers in thick tissues. 3 In GFP, the chromophore autocatalytically matures from amino acid residues in the presence of molecular oxygen by internal tripeptide cyclization, dehydration and oxidation. 1 In cyan-and green-emitting FPs, chromophores are usually chemically identical to that of GFP. 6, 7 In contrast, the chromophores of the RFPs go through a multi-step reaction that involves covalent modification of the protein backbone to create a red-shifted variant by extending the conjugated system of the chromophore into the peptide backbone through an acylimine linkage. 4, 8, 9 This chemical diversity of chromophores makes the RFPs an interesting target for investigating their reactions to physical stimuli. Among the variants studied in the present work, mKO and mOrange2 contain tricyclic chromophores, while mCherry, TagRFP-S, TagRFP-T and mStawberry contain bicyclic chromophores (see Figure 1 ). The additional ring in the variants mKO and mOrange2 is a substituted dihydrothiazole ring in mKO and a substituted dihydrooxazole ring in mOrange2. 8 In contrast, this ring is absent in mCherry, TagRFP-S, Page 3 of 29
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 TagRFP-T and mStrawberry. 4, 10 The stereochemistry of the double bond between the imidazolinone ring and the hydroxyphenyl ring allows for further discrimination between the chromophores. In the mFruit proteins studied here, this double bond is in the cis conformation, but the same double bond is in the trans conformation in TagRFP-S and TagRFP-T. 10 GFP and its variants are highly resistant to denaturing by temperature and pH, which can be attributed to the β-barrel tertiary structure. 11 Different from the influence of temperature, pH and denaturing agents, which have multiple effects on a system (total energy, volume, covalent bonds), perturbation of a protein by hydrostatic pressure only changes inter-and intramolecular distances 12 in the pressure range of up to ca. 1 GPa (above which neat water solidifies 13 ). These changes can lead to conformational modifications and ultimately to denaturing. GPa using infrared absorption spectroscopy.
11
BFP was found to exhibit an increase in fluorescence intensity by a factor of 1.8 upon an increase in pressure up to ca. 500 MPa. 19 In contrast, upon increase of pressure to 50 MPa, the fluorescence intensity of citrine, a yellow emitting FP, was observed to increase, after which a drastic decrease in intensity and a
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In this paper, we present data on the fluorescence intensities and emission spectra of the RFPs mKO, mOrange2, TagRFP-S, TagRFP-T, mCherry and mStrawberry as a function of pressure up to several GPa. An accompanying paper by Laurent et al. were loaded into the diamond anvil cell (DAC) together with ruby grains for pressure measurement. Pressures were determined by evaluating the R 1 ruby fluorescence wavelength upon irradiation with radiation from a red laser diode (λ = 635 nm, ca. 0.2 W/cm 2 ). Cell pressure variation by variation of the gas-membrane pressure was followed by 30-45 minute equilibration periods. Typically, no change in the peak wavelength of the R 1 line was observed 20 minutes after pressure increase in the gas-membrane. The peak position of the R 1 line for each data point was determined by a Gaussian fit of the R 1 line in the ruby fluorescence spectrum. The pressure inside the DAC was then calculated using the measured peak wavelength λ of the R 1 line in equation:
where λ 0 is the peak wavelength at ambient pressure. The error of the pressure measurement is due to the finite pixel resolution and the error in the calibration equation. The pixel resolution results in error bars of ±75 MPa (see below for more information on the spectrometer used). The ruby calibration equation was reported to have a maximum error of ±3%, 24 becoming the most relevant contribution above 2.5 GPa. The sample was monitored with a microscope during pressurization to ensure that the sample compartment did not shift or deform significantly by plastic deformation of the gasket. Pressure runs were performed starting at low pressures and pressure was increased in steps of 100 -200 MPa. The lowest pressures achieved were usually slightly (ca. 100 MPa) higher than ambient pressure due to pressure applied during closing and sealing of the DAC. Pressure runs were performed several times for each protein on different days. All reported pressure runs were performed by monotonically increasing the pressure to the final pressure of the run and discarding the sample. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 pressure were linearly interpolated to create a grid of 100 MPa steps and then averaged. In principle, a measure of the uncertainty associated with these averaged curves can be determined by calculating the differences between intensities of each interpolated data set and the averaged interpolated data set for each pressure. The standard deviation of these differences can be used as an estimate for the error in the fluorescence intensity versus pressure curve on the normalized intensity scale. The error for TagRFP-T was calculated to be 0.14, whereas the other five studied
RFPs were calculated to have errors no greater than 0.07. We note that this method could introduce a bias, since test measurements suggest that the intensities can be dependent on the way in which pressure is applied. The direction and the rate of pressure change may influence the measured intensities to a small extent. In order to illustrate the behavior in different pressure runs, integrated intensities are reported by averaged curves as described above, together with the data points normalized integrated intensities for all pressure runs. region for all species studied. At the highest pressures, all RFPs lose more than 80% of their maximum fluorescence intensity. Above 1 GPa, however, water solidifies, so the change in fluorescence may be accompanied by a phase change of the buffer, and we caution that this will severely affect protein behavior. More to the point, Goedhart et al. recently used a structure guided evolution approach to improve the brightness of a cyan FP, citing rigidity as a key element for optimized quantum yield. 29 RMSD distributions contain information on structural changes and thermal motion (encoded in MD simulations suggest that -on the ns timescale -mStrawberry is more mobile than mCherry, and the suppression of thermal motion is more pronounced for mStrawberry than for mCherry.
Results and Discussion
As a result, the number of water molecules in the vicinity of the chromophore decreases substantially at intermediate pressures for mStrawberry, while these changes are calculated to be much smaller in mCherry. Differences in rigidity and in the number of internal water molecules could explain the strong difference in fluorescence intensity behavior between the two variants.
In addition, the MD results indicate that thermal fluctuations in the barrel are more pronounced than for the chromophore, highlighting the role of the barrel for the difference in protein stability.
Structural change is connected with a reaction volume change. Verkhusha et al. 16 used a phenomenological analysis of fluorescence intensities of FPs assuming a two-state model of protein conformational change to obtain this volume change (among other parameters) associated with the pressure behavior. We note that the pressure range investigated in Ref. 16 was much smaller than in the present work. As a result, the fluorescence behavior observed in our data likely spans more than a single conformational change and cannot be straightforwardly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 described by a two-state model beyond ca. 500 MPa. In addition, we evaluated data for only those variants where the initial pressure changes are not too abrupt and a sufficient number of data points are available during the first change. With these limitations in mind, we have obtained volume changes for the transitions between the native form and the first conformational change in mKO, mOrange2, mCherry and mStrawberry to be (-10 ± 3) ml/mol, (-16 ± 1) ml/mol, (-6.8 ± 0.9) ml/mol and (-52 ± 13) ml/mol, respectively. These changes in reaction volume are somewhat smaller in magnitude, but overall similar to those reported by Verkhusha et al. 16 for several different FPs. The volume change for mCherry is smaller than that for mStrawberry, which is qualitatively consistent with the MD result 23 that mCherry is more rigid than mStrawberry.
Based on the known quantum yields of the proteins under study (see Table 1 ), it is possible that some of the increase in fluorescence intensity can be attributed to an increase in absorption cross section in addition to an increase in quantum yield. Unfortunately, our setup does not allow direct measurement of the absorption cross section to clarify this issue at present.
There are no calculations on pressure induced changes in TagRFP-T absorption. In the case of mStrawberry and mCherry, Laurent et al. 23 calculate a modest increase (ca. 4% at 300 MPa, followed by ca. 6% decrease at 900 MPa) in oscillator strengths, suggesting that the larger share of pressure-induced fluorescence increase is due to increased quantum yield.
We note that at high excitation laser intensities, enhancement of the apparent absorption coefficient of a chromophore could in principle be caused by a decrease of the time the chromophore spends in dark states that are assumed to play a role in photochemical processes of RFPs. 30, 31 However, under our experimental conditions, ground state recovery times would need Page 11 of 29
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All six RFPs eventually lose fluorescence intensity as pressure is increased. The simplest explanation for this observation is that the proteins can be expected to denature or undergo strong chromophore pocket deformation at high pressures. 32, 33 High pressure changes H-bonded networks and pressure-induced denaturing is thought to involve forcing water molecules into the hydrophobic regions of the molecule, disrupting its structure. 33 The retention of some residual fluorescence intensity without much change in the fluorescence spectrum (except mOrange2 and mStrawberry, see below) and the rather large pressure range through which fluorescence is lost in most of the studied RFPs suggest that most chromophores do not undergo covalent modifications, but that increased probability for radiationless de-excitation or conformational change gradually lead to loss of fluorescence. The pressures p 1/2 at which fluorescence intensity decreases to half of its maximum value can serve as a measure of stability for the chromophore environment. Using this figure of merit, mCherry seems to have the most fragile pocket, while mOrange2 has the most robust chromophore pocket of the RFPs tested (see Table 1 ). Using the ambient (I 0 ) and maximum (I max ) fluorescence intensities, the value I max /(I 0 ·p 1/2 ) can be used as a measure of pressure-induced variability of fluorescence intensity, showing mOrange2 as having the lowest variability and TagRFP-T having the highest.
Our observations of the pressure-dependent fluorescence intensities are complemented by measurements of the pressure-dependent fluorescence spectra shown in Figure 3 . All RFPs studied here exhibit small blue shifts with increasing pressure and some show small shifts back towards longer wavelengths at the highest pressures. In mStrawberry and mOrange2, these weak shifts are superimposed on stronger changes in the fluorescence spectra that will be discussed Page 12 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 further below. The weak blue shifts observed with increasing pressure in most of the fluorescence spectra are consistent with a pressure-induced increase in rigidity, as calculated by Laurent et al. 23 This lends further credibility to the idea that structural changes in the excited state are considerably hindered at elevated pressures, leading to less sampling of dark excited states and possibly a lower probability for radiationless transitions, resulting in higher quantum yields.
18
A very interesting observation is that mStrawberry and mOrange2 undergo abrupt and drastic changes in their fluorescence spectra upon pressurization (see Figure 3) . The peak of the fluorescence emission spectrum in mStrawberry shifts by ca. 800 cm -1 from 596 nm to 568 nm at pressures around 200 MPa. Interestingly, the change in the spectrum is concomitant with the fluorescence intensity increase observed in this RFP. The blue shifted peak persists throughout the higher pressures, while the peak characteristic of the ambient pressure spectrum disappears.
At the pressure where the fluorescence intensity reaches its maximum, the high-pressure spectrum is already fully developed and dominates the spectrum. In contrast, mOrange2 shifts its fluorescence spectrum abruptly by ca. 610 cm -1 to the red (from 566 nm to 587 nm) at around 1.2
GPa, where the fluorescence intensity reaches half its peak value. The signature of the chromophore at ambient pressures disappears, and the red shifted peak persists at higher pressures.
The abrupt changes in the fluorescence spectra that are coupled to strong gains or losses in intensity suggest that these changes are caused by abrupt structural changes of the chromophore pocket, of the H-bonding configuration of the chromophore or even of the chromophore itself. Cis-trans isomerization has been implicated in similarly strong changes in the absorption spectrum of the RFP eqFP611. 34, 35 A possible explanation of the behavior of Page 13 of 29
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 mOrange2 involving covalent modification of the chromophore could involve a decyclization of the dihydrooxazole ring of the chromophore. Such a reaction could occur as a proton-catalyzed ring opening, resulting in an increase in the conjugation length of the chromophore and the concomitant red shift. Hydrostatic pressure could be the driving force for this reaction and push the resulting modified chromophore into planarity. The magnitude of the red shift can be easily estimated, since it would result in a conjugated system similar to the chromophore of dsRed.
The maximum of dsRed fluorescence at 583 nm is in close agreement with the maximum of the shifted fluorescence at 587 nm. Such a putative reaction would be the inverse of the maturation reaction as proposed by Kikuchi et al. 8 The calculations on mStrawberry described by Laurent et al. 23 indicate the presence of two dominant conformations whose spectra and pressure trends agree very well with our experimental observations. There are two major structural differences between the two conformers. The hydrogen bonding environment of the chromophore's phenolate moiety changes, brought about by flipping the Ser146 residue. In addition, the distance of Lys70 to the phenolate-imidazolinone bridge changes significantly. We note that Lys70 is a conserved residue in all RFPs and its role in chromophore maturation has been recently demonstrated. 36 These changes lead to a stabilization of the S 0 ground state and result in a blue shift on the absorption spectrum which is in qualitative agreement with the experimentally observed blue shift in the fluorescence spectrum. Our observations are consistent with a change in the relative populations of the two calculated conformers.
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Conclusions
We can clearly observe that proteins with very similar chromophores exhibit diverse behavior. The TagRFPs studied here differ only in residue 158, where a serine in the chromophore pocket has been exchanged for a threonine, 36 resulting in a pronounced change in pressure behavior. The variants mCherry and mStrawberry have identical chromophores, yet their response to high pressure is very different. Similarly, mKO and mOrange2 have nearly the same chromophores, but they also react very differently to pressure. These observations highlight that the properties of the barrel and of the pocket are more important for the pressure behavior of a FP than those of the chromophore itself.
The increase in fluorescence intensity observed for TagRFP-S, TagRFP-T, mOrange2
and mStrawberry are mostly due to an increase in quantum yield at intermediate pressures caused
by a pressure induced increase in rigidity and stabilization of the chromophore. The observed drastic change in the fluorescence spectrum of mStrawberry at intermediate pressure can be traced to changes in the population of two conformers with different H-bonding environments of the chromophore (while retaining the overall conformation of the chromophore itself).
23
With regard to future engineering of brighter RFPs, an increase in fluorescence intensity upon pressurization suggests that the fluorescence intensity at ambient pressure can be improved by variation of the protein barrel and/or the core residues to optimize geometry and rigidity of the chromophore and its environment. Optimization of a cyan FP along these lines has recently been reported. 36 However, it takes a detailed look at the pressure-induced changes to determine the precise changes to the protein that could lead to possible optimization of a particular FP through genetic engineering. Such information can be obtained either by simulations 23 or by high
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The traces belonging to the pressures at which abrupt changes occur in the fluorescence spectra of mStrawberry and mOrange2 have been marked in red.
Page 22 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Figure 1
Page 23 of 29
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 Figure 3 Page 25 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26
TOC Figure
Page 26 of 29
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 80x89mm (150 x 150 DPI)
Page 27 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 28 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 29 of 29
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
